Steam-explosion is a promising technology for recovering phenolic compounds from olive mill solid waste (OMSW) due to its high impact on the structure of the fibre. Moreover, the recovery of the phenols, which are well-known microbial inhibitors, could improve the subsequent biomethanization of the dephenolized OMSW to produce energy. However, there is a considerable lack of knowledge about how the remaining phenolic compounds could affect a long-term biomethanization process of steam-exploded OMSW. This work evaluated a semi-continuous mesophilic anaerobic digestion of dephenolized steam-exploited OMSW during a long operational period (275 days), assessing different organic loading rates (OLRs). The process was stable at an OLR of 1 gVS/(L·d), with a specific production rate of 163 ± 28 mL CH 4 /(gVS·d). However, the increment of the OLR up to 2 gVS/(L·d) resulted in total exhaust of the methane production. The increment in the propionic acid concentration up to 1486 mg/L could be the main responsible factor for the inhibition. Regardless of the OLR, the concentration of phenolic compounds was always lower than the inhibition limits. Therefore, steam-exploited OMSW could be a suitable substrate for anaerobic digestion at a suitable OLR.
Introduction
The olive oil sector stands as an important economic sector for many countries; however, some current challenges could risk its economical sustainability. On one hand, the olive oil industry has to compete with other low-cost vegetable oils, such as sunflower or palm oil. On the other hand, it is required to develop sustainable and environmentally friendly management for the olive mill solid waste (OMSW) generated during extraction [1] . The OMSW results from the two-phase olive oil manufacturing process, being a high-humidity and polluting waste, where the remains of olive fruit are retained. Each ton of olive oil generates around 4 tons of OMSW each year, and due its high potential impact on the environment [2, 3] , it is necessary to develop an adequate OMSW management strategy to ensure environmental protection, but also economic sustainability of the olive oil sector.
Materials and Methods

Substrate and Inoculum
The substrate used in the present study consisted of OMSW, which was subjected to a phenol recovery process. Raw OMSW was obtained from the OMSW management plant "Oleícola El Tejar" located in Marchena (Seville), Spain. The phenol recovery process entailed a steam-explosion pre-treatment (200 • C for 5 min, prior to a rapid decompression). Subsequent phenol recovery was done by a patented chromatographic system (WO 2013/007850A1) from the generated liquid phase (detailed in Serrano et al. [9] ). The treated OMSW used in the present research was composed of the pre-treated solid phase and the dephenolized liquid phase. Analytical characterization of the used OMSW is shown in Table 1 . A full-scale digester treating sewage sludge at the "COPERO" wastewater treatment plant (Seville, Spain) was the source of the used anaerobic inoculum (Total Solids (TS) = 21 ± 1 g/kg and VS = 19 ± 1 g/kg). The reactors were initially inoculated at a concentration of 10 gVS/L.
Anaerobic Digestion Experimental Procedure
Two-litre continuously stirred tank reactors (CSTRs) in triplicate were used to evaluate mesophilic semi-continuous anaerobic digestion of the steam-exploded OMSW (more details in [13] ). The volume of methane was measured daily after the removal of the CO 2 with tightly closed bubblers containing a NaOH solution (3 N). The remaining gas volume was measured by liquid displacement using Boyle-Mariotte flasks. The volume of methane was expressed at standard temperature and pressure conditions (0 • C and 1 atm). Table 2 summarizes the experimental design, including the stages for bio-stimulation and the adaptation to the substrate. After the stimulation and adaptation periods, anaerobic digestion performance of the steam-exploded OMSW was evaluated during a long-term period of 275 days at different organic loading rates (OLR). Samples were analyzed at least twice per week. 
Chemical Analyses
TS, VS, pH and alkalinity were analysed following the recommendations of the American Public Health Association (APHA) [17] . Total chemical oxygen demand (COD; g/kg) was measured as described by Raposo et al. (2008) , while the colorimetric standard method 5220D was used for the measurement of the soluble COD (sCOD; g/L or mg/L) [17] . Total phenols were quantified by spectrophotometry at 655 nm through the Folin-Ciocalteu method [5] . A gallic acid curve was used for calibration of the method. Soluble phenols were also quantified by the Folin-Ciocalteu method after filtration through a Millipore 0.45 µm filter (Albet GF 47 mm, Dassel, Germany). Individual phenols were quantified using a Hewlett-Packard 1100 liquid chromatography system (more details are described in Serrano et al. [9] ). Separate volatile fatty acids (C 2 -C 6 ) were determined using a Shimadzu gas chromatograph (GC-2010).
Microbial Analysis
Samples were taken at the inoculum and at 75, 175, and 250 days of the experiment in order to analyze the number of microorganisms by DAPI staining. Diluted samples of 10 L volume were fixed onto glass slides for 20 min, and then mounted with 25 L of Fluoroshield with DAPI (Abcam, Cambridge, UK) prior to visualization in a Zeiss Axio Imager M2 fluorescence microscope under UV light. Images were acquired with an AxioCam MRm digital camera. The mean number of cells was determined from 10 random images using the ImageJ software. Backgrounds were subtracted from all images to improve image clarity as described elsewhere [18] .
Economic Assessment
The economic profitability of a bio-refinery consisting of steam explosion pre-treatment, phenol extraction, anaerobic digestion and a cogeneration system was assessed (Figure 1 ). Net present value (NPV), internal rate of return (IRR) and payback were calculated according to the methodology described in Serrano et al. (2017b) . An additional natural gas input was considered to cover the thermal energy requirement due to the steam explosion pre-treatment. Although a price of 520 €/kg for phenol extract [19] was initially fixed in the study, a possible drop in this price due to the implementation of the new technology could be considered in the profitability assessment. In this sense, a sensibility study was performed to calculate, making NPV equal to zero, the minimum price for which the bio-refinery project would be profitable. A full and detailed description of the economic assessment methodology is reported in Serrano et al. [3] . Due to the high initial inversion, only the financed project scenario was considered. The discount rate and prices of both sold electricity and bought natural gas were updated to 1.40%, 0.12 €/kWh [20] , and 0.04 €/kWh [21], respectively. Bio-refinery scheme consisting of steam explosion solubilization, phenol recovery, anaerobic digestion and a cogeneration system. * Net electricity production after subtracting the total electricity consumed from the electricity produced.
Results and Discussion
Methane Production at the Different Experimental Phases
The methane production was monitored daily throughout the digestion time for the different OLRs ( Figure 2 ). As can be observed, methane yield varied significantly when varying the OLR. In the first stage, i.e., 0-75 days and OLR = 2 gVS/(L·d), the methane production rate presented a mean value of around 0.369 ± 0.049 gCOD CH4 /(gCOD·d), i.e., 152 ± 21 mL CH 4 /(gVS·d) ( Table 3) . Table 3 . Methane production rates, pH, alkalinity, COD, CODs, total phenols, soluble phenols, total VFA and individual phenolic compound concentration during the different organic loading rates (OLRs). 
Stage
At day 75, the OLR was set to 1 gVS/(L·d). From days 75-175, the mean methane production rate was 0.395 ± 0.066 gCOD CH4 /(gCOD·d), i.e., 163 ± 28 mL CH 4 /(gVS·d) (Table 3, Figure 2 ). This value was just 7.2% higher than that obtained at the previous 2 gVS/(L·d) OLR. As the reduction of the OLR did not result in a marked increase in methane production, it could be remarked that the steam-explosion pre-treatment allowed operation at both OLRs without affecting the methane production during the assayed period. Serrano et al. [3] reported that the batch anaerobic digestion of steam-exploded OMSW produced a maximum value of 108 ± 9 mL CH 4 /(gVS·d), i.e., 40% and 50% lower than that obtained in the present research operating at an OLR of 2 and 1 gVS/(L·d), respectively. The higher total duration of the experiments at the semi-continuous mode, compared with the 25 day operating period of the batch experiments, allowed adaptation of the inoculum to the substrate and a higher methane production was acheived [3] .
After 175 days, the OLR feed to the reactors was again augmented to 2 gVS/(L·d) to evaluate if a long operation time could result in better adaptation of the digesting microorganisms to the substrate or if the accumulation of organic compounds could affect the stability. However, the increment in the OLR entailed a complete failure of the process and a marked decrease of the methane production (Figure 2) . Concretely, the values of methane production rate decreased from 0.345 to 0.030 gCOD CH4 /(gCOD·d), i.e., from 175 to 8 mL CH 4 /(gVS·d) ( Table 3) . The values of methane production rates in the third stage implied that the OMSW was not efficiently converted in methane. According to the obtained results, the OLR of 1 gVS/(L·d) was most recommendable for the biomethanization of steam-explosion pre-treated and dephenolized OMSW, due to the more stable operation and higher methane yield and methane production rate. Other authors have shown similar effects on the methane production by increasing the OLR. For example, Serrano et al. [13] reported that the methane production in the anaerobic digestion of OMSW subjected to a thermal treatment at 170 • C and 1 h varied from 119 ± 30 mL CH4/(gVS·d) to 172 ± 60 mL CH4/(gVS·d) by reducing the OLR from 2 to 1 gVS/(L·d). Stoyanova et al. [12] reported that the biomethanization of two-phase OMSW operated at stable conditions at an OLR of 0.76 gVS/(L·d), but the increase of the OLR up to 1.1 and 1.76 gVS/(L·d) affected the methane production and, finally, caused the total failure of the system. In the same way, Orive et al. [22] also reported low methane production rates (77 mL CH 4 /(gVS·d) in the semi-continuous anaerobic digestion of diluted OMSW (COD: 60 g/kg) at high OLRs (around 3 gVS/(L·d). 
Chemical Oxygen Demand and Volatile Fatty Acid Concentration throughout the Experimental Time
Values of COD total and COD soluble , all expressed as mgO 2 /kg, during operational time are shown in Figure 3 . During the first 175 days, i.e., stages 1 and 2, the concentration of COD soluble remained at relatively constant values regardless of the applied OLR, with a mean value of 10,000 mgO 2 /kg. By contrast, the COD total presented a clear increment from 12.0 to 27.0 gO 2 /kg during the first stage, i.e., 0-75 days and OLR = 2 gVS/(L·d). The accumulation of the COD total , when the COD soluble and the VFA remained at low values, indicated that the hydrolysis was probably the limiting rate-step during this stage. In fact, the hydrolysis has been widely reported to be the limiting step in the anaerobic degradation pathway for complex organic solids [23] . The decrease of the OLR to 1 gVS/(L·d), entailed a rapid decrease of the accumulated COD total from days 75 to 100. After this period, the concentration of COD total remained at a mean value of 19.6 ± 1.2 gO 2 /kg. The VFA composition was also analysed and the obtained results are shown in Figure 4 . VFA concentration systematically decreased during the first stage (OLR = 2 gVS/(L·d), days 0-75), from 3000 mgO 2 /kg to~900 mgO 2 /kg, where propionic acid was the most abundant VFA determined in these first 75 days (Figure 4) . VFA concentration remained almost undetectable during stage 2 (OLR = 1 gVS/(L·d), days 75-175). The decrease of propionic acid and almost disappearance of the rest of VFA during the second stage (75-175 days) carried out at an OLR of 1 gVS/(L d) could indicate that the microorganisms required this time period to complete their adaptation to the substrate [24] . Despite the initial increase in the VFA concentration, the pH of the digesters remained at mean values of 7.81 ± 0.34 and 7.39 ± 0.41 (Table 3) , during stages 1 and 2, respectively. The pH remained slightly alkaline (above 7.8) until day 80 of operation. From that day, despite having reduced the OLR of the system, the alkalinity suffers a very marked decrease, which diminished from about 3220 ± 100 to 1460 ± 400 mg CaCO 3 /L. It should be noted that this substrate did not provide alkalinity. This decrease in the alkalinity was also associated with a decrease in pH, from 7.9 ± 0.1 on day 75 to 7.0 ± 0.2 on day 175.
After 175 days, the OLR once more increased up to 2 gVS/(L·d). In view of the previously mentioned fall in alkalinity, alkalinity was added daily from day 175 to maintain the pH of the operation within the optimum values for anaerobic digestion. As a consequence, enormous oscillations in alkalinity values were observed in the third operating period (OLR: 2 gVS/(L·d), days: 175-275). In spite of all the artificially added alkalinity, the pH during this stage falls repeatedly to values below those recommended, reaching values close to 6. Although the acidification of the digesters was not reached until the end of this third stage, the acid pH and high acetic content of the OMSW (Table 1) , i.e., 4.49 ± 0.05 and 1802 ± 8 mg/L, respectively, could acidify the process if the buffer capacities of the digesters were not high enough. The alkalinity values determined in the present research were markedly lower than that reported by Rincon et al. [25] for the anaerobic digestion of steam-exploded OMSW at mesophilic conditions. These authors reported alkalinity values in a range from 7000 to 9000 mg CaCO 3 /L, which ensured that no acidification appeared despite the acid character of the OMSW. In the same way, Orive et al. [22] reported very high alkalinity values (10.6-21.3 g CaCO 3 /L) in digesters treating diluted OMSW, which allowed them to achieve pH values in the reactors within the optimal range for methanogenesis. In this third stage, the COD total critically increased above 28 gO 2 /kg (Figure 3) . COD total accumulation was associated with a decrease in methane production, indicating a strong inhibition of the process (Figure 2 ). Process failure was also detected by COD soluble and VFA accumulation during this stage (Figures 3 and 4) . This accumulation indicated that the acidogenic and methanogenic microorganisms were inhibited prior to the hydrolytic microorganisms. This performance is in contrast to that observed from days 0 to 75, where the concentrations of COD soluble and VFA presented low values (Figures 2 and 3) . The decrease in pH during the third phase due to the accumulation of VFA could explain the inhibition of the methanogenic activity [26] . As can be seen in Figure 4 , the concentration of propionic acid increased during this third stage, being the most abundant VFA. Specifically, the mean propionic acid content increased from 251 mg/L during the second stage (OLR: 1 gVS/(L·d)) to 1486 mg/L in the third stage (OLR: 2 gVS/(L·d) ( Table 3 ). This accumulation was probably a consequence of the inhibition of the methanogens, which are the most sensitive microorganisms to acidification in the anaerobic processes [27] . The increment in the propionic acid concentration indicated that the inhibition also affected the microorganisms involved in the acetogenesis, and not only the methanogens. Although alkalinity was added periodically during the third stage, it was not able to compensate for the VFA accumulation, dropping the pH to values below 6 at the end of the third stage. Likewise, a recent study of anaerobic digestion of untreated OMSW in CSTR reactors carried out by Stoyanova et al. [12] revealed that the increase of the OLR up to a value of 1.76 gVS/(L·d) entailed a drop in pH to values below 7. In the present study, the operation at an OLR of 2 gVS/(L·d) was not stable, resulting in a strong inhibition due to the accumulation of solids in the digester, an increase of the VFA concentration and a marked drop of the pH and the alkalinity. However, at an OLR of 1 gVS/(L·d), the effluent characterization confirmed the good performance of the digesters described for the high methane production rate obtained.
Composition and Concentration of the Phenolic Compounds
Phenolic compounds are reported to be toxic to anaerobic microorganisms, affecting the microbial growth [28] . In that sense, the presence of phenols, as total and soluble phenol concentration, and phenolic composition were monitored ( Figure 5 and Table 4 ). The concentration of total and soluble phenolic compounds followed a similar trend to the values of COD total (Figures 2 and 4) . At an OLR = 2 gVS/(L·d), the phenolic compounds accumulated in the digesters, whereas at an OLR of 1 gVS/(L·d), the phenol concentration was kept at a lower constant concentration ( Figure 5 ) compared to an OLR of 2 gVS/(L·d). The relation between soluble phenol and total phenol was close to 1 during stages 1 and 2. This value is much higher than the ratio of soluble phenol/total phenol in the substrate, which presented a value of 0.31 (Table 1 ). This difference indicated that the phenols were partially hydrolyzed during the biomethanization. However, the presence in the digesters of detectable concentrations of vanillin and 4-ethylphenol indicated that the degradation was not complete (Table 4) [3] . Regardless of the OLR applied to the digester, the phenol and furanic concentration was always lower than the limits described as inhibitory for the anaerobic digestion. For example, hydroxymethylfurfural was totally biodegraded, and, therefore, was not detected, whereas vanillin concentrations were lower than 150 mg/L throughout the experimental time (Table 3 ). The inhibition concentrations for anaerobic processes were reported to be around 800 mg/L for hydroxymethylfurfural and 2000 mg/L for vanillin [16] . Both compounds, i.e., hydroxymethylfurfural and vanillin, have been widely defined as the most toxic phenolic and furanic compounds for biomethanization [3, 16, 29] . Therefore, the failure of the biomethanization process determined at an OLR of 2 gVS/(L·d) was probably a consequence of overloading of the system, with acidification of the process, instead of the toxic effect of the accumulated phenolic and furanic compounds [30] .
Microbiology Assessment
On the last day of each tested OLR, the number of microbes was determined from fluorescence images in the inoculum and at 75, 175, and 250 days after starting the experiment (Figure 6 ). The mean number of microorganisms decreased from 12,761 ± 3213 cells/mm 2 in the inoculum to 7126 ± 3099 cells/mm 2 after 75 days ( Figure 7) as a result of a process of selection by the substrate [31] . The number of microbes was no different at day 175 (5739 ± 1316 cells/mm 2 ) from day 75, which suggests that the rate of duplication met an equilibrium with the OLR. Interestingly, duplication rate was similar to the production of methane, which suggest that most cells are methanogenic bacteria. Accordingly, the number of microbes dramatically decreased at day 250 (2159 ± 801 cells/mm 2 ) where a low production of methane was detected. 
Economic Assessment
The results obtained for the profitability assessment are summarised in Table 5 . The proposed bio-refinery concept (Figure 1) shows high values for both NPV (3.9·10 3 M€) and IRR (10 11 %), and a short payback period (1 year), which point to high profitability. Regarding the influence of the price of the phenol extract, the project would be profitable for prices higher than 42.2 €/kg. This minimum price is almost lower than the minimum price of 51.8 €/kg obtained for a similar bio-refinery concept in which the OMSW is pre-treated with steam at 170 • C [13] . 
Conclusions
The anaerobic digestion process was stable at an OLR of 1 gVS/(L·d), with a specific production rate of 163 ± 28 mL CH 4 /(gVS·d). However, the increment of the OLR up to 2 gVS/(L·d) resulted in total exhaust of the methane production. The increment in the total and soluble organic matter, especially the increment in the propionic acid concentration up to 1486 mg/L, described an overloaded inhibition process. Regardless of the OLR, the concentration of phenolic compounds was always lower than the inhibition limits. An economic analysis showed that the combination of the steam-explosion recovery of phenols and the anaerobic digestion, under stable conditions, could generate high profitability, which would still be profitable for a phenol extract price higher than 42.2 €/kg. Therefore, steam-exploited OMSW could be a suitable substrate for anaerobic digestion at the correct OLR.
